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INTRODUCTION

During recent years the use of plasma transfusions
has become widespread, and increasingly so of late-as a
result of war conditions.

More and more the need for

really large amounts of plasma in treating certain types

ot cases is being appreciated.

The data presented in

this paper should be of interest to those enga ged in •tudJ"
ing the quantitative aspects of such therapy.

Further,

the data presents certain theoretical implications that
bear upon the more general problems of hemoglQbin and
plasma protein formation and protein metabolism.

PART I

HEMOGLOBIN PRODUCTION
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I• all work relating to hemoglobin one unconaeiously

has in�mind the pigment radical as being of prime import
ance, both because of its conspicuousness due to its
color and its relation to other body pigments.
The protein traction of hemoglobin,

b7 contrast, ha1

just· begun to be s.tudi�d; but 1ts importance probably 111
in proportion to its size, and it makes up about 95% or

the hemoglobin molecule.

Its chemical make-up has been

studied, but we still know comparatively little about its

m.anutacture within the body and its .fate when it is broken
down in body metabolism.

Hemoglobin is a conjugated protein consisting of
an 1ron•conte1ning pigment portion combined with a pro

tein of the histone class called globin.

The hemoglobin

complex, when its globin is in the natural state, forms
a loose combination with oxygen the iron being in the

f.errous state.

Porphyrins are pigm.enta, which when conjugated

with other substances, form the basis,of the blood and

tissue pigments

ot var1-ous animals.

The p�rphyrin 11lo1•..;.

eule is constituted of tour pyrrol nuelei.
nucleus has the following strueture:

II

RC

H"

-•-CH

)H

The p)'l'rol
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Four of these rings joined together constitute porphyrin.
Porphyrins are capable of forming compounds -with
various metals.

For instance, if an Fe atom be attached

to protoporphyrin, {the porphyrin of blood pigment), we
get the iron-porphyrin compound of hemoglobin.
called heme {C34H32N404Fe).
bining with various proteins;
hemochromagens.

This is

Heme is capable of comsuch compounds are called

:Vb.en globin is the protein with which

heme is combined the resulting hemochromogen is that
forming the basis of the blood pigment of vertebrate
life.

Hemoglobin is, therefore an iron, plus porphyrin,

plus globin compound.
Experiments by Taylor, Manvell, Robbins, and
Whipple (59), indicate the importance of the globin
fraction in contrast to the pigment radical.

It is well

to emphasize here that all observations by G. H. Whipple,
(whose experiments I will have occasion to cite throughout this paper), relate to dogs which were healthy and
active but presented some departure from the strictly
normal dog---anemia, plasma depletion, bile fistula,
or Eck fistula.
In anemia experiments anemia was produced by withdrawal of blood from veins, the anemia level being kept
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constant at 6 gm. hemoglobin per 100cc. of blood.

In

plasma depletion experiments, plasma depletion was effected by bleeding followed by a return of washed red cells
to maintain the red cell hematocrit to 45% and the plasma
protein level to about 4 gm. per 100 cc.

The bile fistula

dogs drained all bile from the common duct either into
a sterile bag or into the renal pelvis and urine.

The

v'}--v'-f-

Eck fistula diverted all portal blood to the inferior
vena cava.

These dogs were essentially biologic testing

machines by which could be measured the capacity of the
body to produce hemoglobin or plasma protein or both,
the production of bile pigment as related to hemoglobin,
or the output of various plasma proteins as influenced
bye subnormal liver (Eck fistula).
There has been a tendency to look upon the pyrrol
nucleus as the essential determining factor in bile
pigment production and new hemoglobin formation within
the body.

The follo wing experiments shed new light

upon this view.
Sribishaj, Hawkins, and Whipple (57), in their
experiments with bile fistula dogs, gave hemoglobin
solutions intravenously in an attempt to measure the
quantity of the bile pigment in the urine under controlled
normal conditions and after injection of the hemoglobin.

rd
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For example, one dog's control bile pigment output was
683 mgm. and the total bile pigment output during
hemoglobin injections was 1518 mgm.

The excess due to

hemoglobin injection was therefore 835 mgm.
Theoretically 1 gm. hemoglobin is equivalent to
40 mgm. bile pigment (bilirubin).

If 24 grams hemo-

globin are injected 960 mgm. bile pigment could be
expected if there should be a quantitative elimination.
This gives a recovery ratio of 835 over 960 or 87%.

If

10% is allowed as loss due to method of bile pigment
analysis we come very close to a theoretical loo%
return of the pyrrol nucleus split off from the hemoglobin molecule to appear as bile pigment surplus.
Experiments were published by VVhipple and Hooper (73}
indicating that a bile fistula dog would eliminate less
bile pigment during anemic periods than during normal
periods.
Further experiments published by Whipple and Robbins
(75} indicated clearly that dog hemoglobin introduced
intravenously into a standardized anemic dog will result
in new hemoglobin formation in excess of the controi
periods amounting to 90 to 100% of the hemoglobin
introduced.
In a following experiment Hawkins, Sribhisaj,
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Robbins, and 'Nhipple (58) were quite surprised with
results obtained on anemic bile fistula dogs.

Before

the results were obtained they theorized that if 30 gms.
of hemoglobin were injected intravenously there would
be no more than a 100% return,a part as an excess in
bile pigment and part as ne w hemoglobin in red cells.
Results, however, showed that of the 30 grams of
hemoglobin introduced, all or its equivalent was
recovered as new hemoglobin in red cells.

There was

also an excess equivalent to 65 to 75% of injected
hemoglobin found as bile pigment.
How could this be explained?

They suggested that

the pyrrol nucleus splits off from the injected
hemoglobin to form bilirubin; and from the globin
fraction or parts of it may come much of the new hemoglobin which appeared in the red cells.
What about the new hemoglobin formed so abundantly
above the control level?

"It appears that substances

other than the pyrrol nucleus and present in the globin
fraction of hemoglobin were the important determining
factors (58). 11

There is thus urgent need for much care-

ful study of the globin fraction of hemoglobin.
It has been well established that hemoglobin production in anemia can be controlled by diet (77); more
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specifically, that iron and protein stores or intake are
the essential factors.

Whipple (69) showed that strict

control of the iron int ake will limit the hemoglobin
production in the standard anemic dog.
Hahn and ~ipple's experiments (16) indicate that
the production of new hemoglobin in anemia due to blood
loss cen be kept at very low levels by limitation of the
iron intake.

A salmon bread die~ low in iron, limited

the hemoglobin production of the anemic dog to about two
gm. per week.

A diet of white bread, salmon, milk

powder, and cod liver oil limited the output of hemoglobin
to very low levels and removed all excess stores of iron
in the body (77).

When the reserve stores of iron in

the body were removed, the intake of iron was an absolute
limiting factor for new hemoglobin production in anemia
due to blood loss.
.Hahn further showed t hat a limited or low protein
int ak~ would cause limited hemoglobin produc t ion.

The

dogs were unable to produce the usual amount of globin,
and therefore of h emoglobin, ev en i n t h e pr esence of a
large excess of iron.

Under the stress of protein limita-

tion the proteins of salmon muscle, banana, end carrot
were well utilized, and it required only 7 to 8 gm. of
these foods to produce 1 gm. of new hemoglobin.
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Frost, Spitzer, Elvehjem, and Hart (15) reported
an inhibition of the normal hematopoetic response to
iron and copper feeding in dogs made anemic by
hemorrhage and fed cobalt prior to the addition of the
above.

High levels of cobalt had a toxic effect on

young growing dogs and little apparent ~ffect on the
blood picture.

Copper has been studied in many labora-

tories and under certain conditions does have an effect
upon hemoglobin formation in experimental anemia. Robbins, Elden, Speery, and Whipple (48) found that
copper had an influence, although moderate in degree,
and usually increases somewhat the hemoglobin production
above control levels.

The iron salt effect was much

more notable than the copper effect.

Combined iron and

copper at times had an unusually favorab~e effect, but
at times did not exceed the favorable influence of the
iron salt feeding alone.
Orten (44) showed that the administration of a diet
low in protein, (lactalbumin), but adequate in all other
known respects produced a mild chronic anemia in rats.
Increasing the intake of either calories or iron had no
consistent beneficial effect on hemoglobin formation in
the low protein animals.

These observations warrant the

conclusion than an adequate intake of dietary protein
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is essential for normal hemoglobin production in the rat.
As a result of a long series of experiments, food
material has been measured as to its capacity to produce
new hemoglobin under standard conditions.

Among the

fo·o dstuffs favorable for hemoglobin production in the
dog may be mentioned kidney, gizzard, spleen, pancreas,
and a few fruits--apricots, peaches, and prunes.

Muscle

stands in an intermediate position and shows considerable
variability in potency.

In contrast, dairy products,

fish and sea food, vegetables, grains, and many fruits
are relatively inert and contribute very little toward
hemoglobin building.
In as far back as 1920, Robbins and Whipple at the
Hooper Foundation in the University of California Medical
School, observed that apricot feeding had a potent influence in experimental anemia in dogs.

A few years later

these observations were repeated and extended to show
that apricots and peaches were quite potent in severe
anemia due to hemorrhage.

All the evidence poin~ed to

salts as perhaps responsible for at least a part of this
unexpected reaction.

Some crude combustion products,

containing much carbon, were then prepared and found to be
potent in experimental anemia.

Finally, they proceeded

to the more complete combustion of the dried apricots,
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and this pure inorganic material was likewise found to
be potent.
Logically, the potent organ tissues were next tested
by ashing and feeding in experimental anemia with almost
identical results (18).

These results were not wholly

in accord with the observations of Wisconsin investigators,
Pommerenke, Slavin, Kariher, and Whipple (45);

but the

divergent results may be explained by differences in the
anemia or in the experimental animal.

The latter studied

nutritional anemia in rats and rabbits while the former
used a simple anemia due to hemorrhage in otherwise normal
dogs.

Pommerenke (45) found that the inorganic ash of

beef liver and pig kidney was likewise potent in this
type of experiment but this ash contained only one-half
the potent factors present in the whole cooked liver or
kidney.

The inorganic ash of pineapple was but slightly

potent even in rather large doses.
Whipple, in 1938, stated (70):

"Theoretically,

amino acids given in proper amounts and suitable mixtures
should produce a calculated amount of n ew hemoglobin".
The effect of both tryptophane and histidine on
new hemoglobin formation has interested various workers
since 1923.

Hirasawa (21), {cuoted from Whipple (80)),

reported rapid formation of hemoglobin in "various forms

-11-

of anemia" when given tryptophane and iron.
ane or histidine without iron was inert.

Tryptoph-

The work of

Fontes and Thivolle (13), {quoted from Whipple (80)),
employing both tryptophane and histidine singly or in
combination, resulted in considerable controversy as to
the value of these amino acids in blood formation.

Both

normal rabbits and dogs showed increases in hemoglobin
and red cell values according .to their claims.

Histidine

and tryptophane injected simultaneously, they stated,
gave marked increase in hemoglobin up to 26%.

In a

further report utilizing rats and keeping them on a
tryptophane free diet, the same men reported a marked
anemia.
•Alcock (2 ), in 1933, criticized the work of these
French authors when he tried to repeat their experiments.
Rats kept on tryptophane free diets for forty to one
hundred days did not develop an anemia.
Drabkin and Miller (10), in 1931, reported the ef£ect
of various amino acids on hemoglobin formation in rats
made anemic by prolonged milk diets.

Glutamic acid plus

2 mg. of iron was very effective.

Arginine also showed

potency for hemoglobin formation.

Tryptophane, sodium

aspartat e, and a "proline mixture" produced an initial
increase in hemoglobin.

Alanine and histidine were found
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to be of no value for hemoglobin regeneration.

In a

subse quent publication (9) leucine, cystine, glysine;
d and 1 amino valeric acid, and glutamic acid were shown
to have had no effect.
Elvehjem, Steinbock, and Hort (11) suggested that
the amino acids were not copper free, and that even
purified glutamic acid and iron demonstrated no effect
in nutritional anemia.

Kiel and Nelson (28), in feeding

rats for 4 to 6 weeks with arginine, glutamic acid,
tryosine, tryptophane, and aspartic acid, observed
negative results.
It should be obvious that the reaction to amino acids
may differ widely in rabbits, rats, dogs without anemia,
or dogs with a long continued anemia.

Conflicting claims

in the literature are related to such differences in the
experimental proceedure, and it is not safe to set up
broad claims from one type of experiment relative to another ty_pe of experiment or to the conditions in human
dise ase.
It appears that a good many amino acids can influence
the building of hemoglobin in experimental anemia, but no
one acid or small group of amino acids as yet appears to
stand out above all others in this reaction.
Abnormal factors may modify new hemoglobin production
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in these standardized anemic dogs.

Infections (endomet-

ritis), lasting over many weeks, completely inhibited the
hemoglobin production; but removal of the infected
uterus returned the hemoglobin production to the normal
level (50).

A sterile abscess temporarily diminished

hemoglobin production under standard conditions.

The

abscess also abolished the hemoglobin production of the
anemic dog during fasting periods, in contrast to the
control anemic dog which could produce abundant new hemoglobin during a t wo weeks' fast.

Impaired intestinal

absorption and significant blood destruction were excluded
in these fasting experiments.

The evidence points to a

disturbance of the internal metabolism related to hemoglobin building as

responsible for the inhibition of

hemoglobin production in such experiments.
A bile fistula also modified new hemoglobin production.

In fact, the output of hemoglobin was just about

cut in half by a bile fistula and could not be returned
to normal by fe eding large amounts of bile daily by mouth
(19).

It would appear that interruption of the normal

flow of bile into the intestine changed the absorption
of hemoglobin building constituents.

The authors con-

ducting the above experiment state that the bile fistula
do gs can digest and absorb protein readily, as they main-
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tain a constant weight, normal activity, appetite, and
general health.

They prefer to think of the bile fistula

liver as somewhat disturbed and unable to take its full
part in assembling the various constituents which go to
the make-up of the mature hemoglobin as it.appears
in the erythrocyte.
Gastrectomized dogs (25, 39, 43) produced less hemoglobin on standard. diets in anemia than did normal dogs.
It is not clear whether impaired digestion or some missing factor may be concerned.
Liver abnormalities in humans have been studied,
usually relating to the missing constituents in pernicious
anemia.

Abnormal human livers have been tested (76, 78, 79)

to show departures from ~ormal in the content of hemoglobin material as tested in anemic dogs.
Fasting presents some interesting reactions in
these standard anemic dogs and these phenomena have
received much study.
Whipple, Hooper, and Robbins, in 1920, reported that
more new red cells and hemoglobin would be regenerated
during a fasting period than during a sugar feeding period
in short anemia experiments on dogs.

In neither case was

any nitrogenous material taken into the body, so whatever
hemoglobin and red cell stroma that may have been formed must
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have been constructed from body protein or protein split
products.

It appears that these experiments can be

explained most satisfactorily on the basis of a certain
sparing of body protein on the part of the sugar.
The term

0

sparing action of carbohydrates" means

that carbohydrate feeding will decrease the excretion of
total urinary nitrogen as compared with the fasting
excretion of nitrogen.

There are two theories for this

sparing action of carbohydrates: (e)-That the sparing
action is at the source-that is, the sugar prevents
tissue catabolism;

(b)-That the carbohydrate radical

combines with split protein products and forms protein
complexes which are used by various parts of the body.
About this time Davis, Hall, and Whipple (8) reported that the liver necrosis caused by chloroform would be
followed by little evidence of liver repair during fasting periods but by ample evidence of almost complete
liver repair during sugar feeding periods.

With no

nitrogen intake the body could produce much new liver
cell protein dependant upon sugar feeding.

This was

believed to be evidence of conservation of body protein
waste products due to the sugar intake, a reconstruction
of complex liver cell protein from split products coming
from body proteins.

The term body protein as used here

would include all proteins in the body, plasma, tissue,
muscle, hemoglobin, and organ proteins.
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.

If this work is correct it can be assumed that the
carbohydrate in the diet may have a double "sparing action"
to protect the body protein at its source and to aid
materially in the conservation of protein split products
which are recast into new body protein.

That one or the

other of these two reactions may be dominant under
varying conditions may be granted as probable.
By contrast,in long anemia experiments (76) sugar
and fasting diets were shown to h~ve different effects
than those seen in short anemia experiments •
In 1931 Whipple and Robbins observed that during
prolonged anemia periods due to blood loss the animal can
produce a considerable surplus of red blood cells and
hemoglobin during sugar diet or fasting periods, and
that sugar and iron administered by mouth will stimulate
this hemoglobin production to very high levels.

With

zero nitrogen intake the anemic aog formed more than 100

gm. of new hemoglobin during two weeks on an intake of
sugar, (75 gm. and iron 400 mg.), daily.

Obviously the

ne l!.' hemoglobin must have come from material d eriv ed from
1

the ani mal s ' body proteins.

They postulated that the

sugar and iron enabled the body to conserve nitrog en
wa s te products for new hemoglobin fabrication or that
body protein catabolism was accelerated under these con-
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ditions.

Both mechanisms may come into play.

In 1933, (76), the authors compiled experiment al
data on anemic and non-anemic dogs.

The anemic dog

during periods of fasting or sugar feeding with or without iron intake produced a very considerable bulk of new
hemoglobin.

All reserves of hemoglobin material were ex-

hausted by years of continuous severe anemia.

The new

hemoglobin must have been derived from the animals'
body .protein.
One-hundred and fifty gm. of new hemoglobin amounts
to about · t ·· enty-five and five-tenths gm. of nitrogen.
As this large amount of nitrogen must have come from the
dogs body protein, it is proper to ask whether this
re quired nitrogen is derived from an increase in tissue
catebolism or from a more complex conservation of nitrogenous intermediate products.

The tabulated data indica-

ted the increased conservation of nitrogen intermediate
products as evidenced by a decrease in the urea-ammonia
fractions excreted in the urine.
'Nhen one inquires as to the conservation of nitrogenous intermediate products it has been admitted that
not all of the nitrogen of the ne w formed hemoglobin can
be accounted for on the basis of conservation.

This fact,

together with evidence that the anemic dog catabolizes
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more of i t s body protein than the non-anemic dog, points
to the probability that in emergencies the body can rob
one protein tissue to make another protein which is
urg ently needed.
Daft (4) says:

"Whatever the true and complete

explanation may be, this fleeting glimpse of the internal
metabolism of hemoglobin and other body proteins stimulates
one's imagination and does not point to a simple st andard
fixed reaction but rather to intriguing possibilities
of exchange between various body proteins and hemoglobin
or other proteins according to the physiologic need of
the moment".

It is with this ultimate objective in

vi ew that I now shall consider the production of plasma
proteins.

P1ART II
PLASMA PROTEIN PRODUCTION
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Plesma protein production at the moment is of
special intere st to physicians because of the recent
appreciation of the value of plasma in the treatment
of various shock conditions.

If new plasma protein

can be formed rapidly within the body, this is of
obvious advantage over the introduction of plasma from
outside, which is troublesome and expensive.

After

an acute emer~ency is tided over with plasma injections,
a continuing supply may come from the body if we supply
proper material other than plasma b~ vein.
It seems obvious that protein or its derivatives,
including amino acid~ must be furnished the animal to
achieve the production of ne w plasma protein.

Certain

protein already within the body as well as some of that
received orally, (or parenterally), may be commandeered
for plasma protein formation.

The exogenous supply

will be given first consideration.
The hypoproteinemia and edema of malnutrition are
cured by the ingestion of adequate food, provided that
there are not also present any of the adverse factors,
abscesses, fistulae, infections, or liver disease.

Kerr,

Hurwitz, and Whipple (26) offered the first experimenta1
evidence that diet influenced favorably the regeneration
of depleted plasma proteins.

In dogs, adequate food
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protein has more recently been found to have a qualitative as well as a quantitative significance (45) (67).
Per unit of protein fed, beef serum will favor the production of three times as much plasma protein as beef
heart and more than five times as much as beef stomach.
Let us examine the evidence upon which this statement
is based.
The standard plasma depleted dog, by means of almost
daily plasmapheresis, was brought to a steady s t ate of
hypoproteinemia.

A uniform plasma protein production

level was maintained by use of a uniform basal diet.
The potency of diet factors which may have influenced the
production of ne 'N plasma protein could then be t ested.
If the subsequent daily plasmapheresis are so adjusted
as to maintain this low plasma concentration a minimum
will shortly be reached (34).

This minimum expressed

as the grams of plasma prot ein removed from the dog
during the course of one week was called the basal output.
If variations in diet are introduced the ef fect of
each diet could be evaluated by measuring the quantity
of plasma protein which was removed from the animal in
order to maintain standard conditions.

Thus, if beef

serum is added to the basal diet, a quantity of plasma
protein will be produced in addition to the minimum
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basal output, equal to about 40% of the protein in the
beef serum fed.

Such a response led the authors to

believe that the supra-basal, new formed plasma protein,
comes from materials furnished in the added diet protein.
In addition, variation in the quantities of plasma protein obtained from the feeding of different proteins
justified the assumption of qualitative differences.
That plasma protein formation can be controlled by
diet and that different proteins have different values
in plasma formation was verified by an entirely different
method by Weech and Goettsch (66) (67).

These workers

found that on a diet containing inade quate protein,
furnished by carrots and polished rice, a decline in the
serum albumin concentration occurred ~hich was parallel
to the .decline in total serum protein concentration and
also parallel to the plasma volume.

If then, at the end

of three weeks' decline, a test protein were added to the
diet, its efI'ect on the serum albumin concentration
could be measured during the fourth week.

''ihen this ef-

. feet was det ermined for the same food on a number of
different dogs, a rather wide range of biological responses
was found, but significant averages were established.
However, although the difference bet ween the pre
and post test levels gives the rise in serum albumin

-22-

concentration due to the protein fed, it was found that
if no .proteins were fed the concentration would decrease
.15 gm.%.

Accordingly, the "assay value" of a food is

calculated as the rise in albumin concentra t ion plus
.15.

For example, the assay values for beef serum in

eleven different dogs ranged from .42 to 1.27 with an
average value of .801; whereas the assay values for casein
tested in twelve different dogs ranged from .07 to .58
with an average of .388, a statistically valid difference.
These potency values of Weech measure relative differences in rate of formation and not in total capacity
for formation of albumin, as is measured for plasma protein
by the plasmaph,eresis technique.

It has been noted that

the addition to the basal diet of some proteins, for
example soy bean, is followed by a much prompter response
in production of new plasma protein than the addition

!

of other equal or even superior materials.

~

Melnick, Cowgill, and Burack {38) studied on two
dogs the relative effects of beef serum protein, lactalbumin and casein, in promoting the formation of total
serum protein.

Like Whipple, they made use of plasma-

pheresis to maintain a stimulus for serum protein formation, but they also tried to control a number of var-

.

iables which they thought had been ignored by him.

The
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assays of three proteins, casein, lactalbumin, and
serum protein, indicated comparable potencies in promoting the regeneration of serum protein.

It was concluded

that potency ratios were not sufficiently different
to warrant the administration of any one protein in
prefe rence to another.

Vvhipple · states that the reserve

stores of plasma protein building materials cannot be
removed completely by this rapid procedure and that the
assays recorded are inaccurate because of the presence
within the body of an unknown amount of protein.reserve
stores.
At any rate the figures obtained by Whipple bear
mentioning.

Whole plasma heads the list and it requires

only 2.6 to 3.5 gm. of plasma protein by mouth to produce
1 gram of new plasma protein, a potency ratio of 2.6 to
3.5.

Regeneration of serum proteins was more rapid and

complete upon a meat or mixed diet as compared with a
basal diet.

The same regeneration was not as rapid upon

a bread end milk diet as upon a meat diet.

Regeneration

was affected in a period of five to seven days (70).
Beef serum is very potent, and 2.6 grams protein
will produce 2 gram ne \'\• plasma protein.

Kidney protein

is at the bottom of the list, taking 21 grams to regenerate
1 gram plasma protein.

Skeletal muscle, smooth muscle,
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lactalbumin, and egg white fall into a favorable group
with 5.3 to 6.0 regeneration values.

\\hole liver, liver

fractions, casein, and beef heart are less potent, 6.5
to 8.3.

Pancreas and salmon muscle are still less potent,

19.0 and 15.0 respectively (7).

Since the experiment of

o.

Loewi (29), demonstrat-

ing that the feeding of protein digest could maintain
nitrogen equilibrium, much effort has been directed toward
discovering the essential dietary protein constituents.
For the growth of rats, these essential amino acids have
been recently determined in the laboratory of

w. c.

Rose

in a series of experiments announced by him in 1937 (b5).
Rats fed a diet, the nitrogen of which is furnished by
a mixture of pure amino acids, exhibit normal growth
curves only when appropriate quantities of the following
ten amino acids are included in the mixture; threonine,
valine, leucine, isoleucin, methionine, phenylalanine,
tryptophane, arginine, histidine, and lysine.

Moreover,

Rose states that normal growth occurs if these amino acids
are offered to the exclusion of all others.

Such exper-

iments invite speculation regarding the amino acid
requirements for plasma protein synthesis.
Madden, Turner, Rowe, and i/Vhipple (35) also showed
that these ten amino acids produced new plasma protein
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in abundance.

They state:

"The findings indicate that

the growth mixture should be a valuable addition to

transfusion and infusion therapy; in shock, burns, and
major operative procedures."
In the dog, by the plasmaph.eresis technique described
previously, Madden and 'Whipple ( 37), ma.de direct measurement of new formed plasma protein.

When the addition of

one or more amino acids to a basal diet w~s followed by
an increase in plasma protein formation above basal, it
was inferred that the added amino acids supplemented the
melange available to the synthesizing mechanism from diet
and body sources in such fashion as to permit the formation of more new protein.

Whereas positive experiments

of this type are significant, it is obvious that a negative response does not imply that the added amino acid
is unessential for plasma protein s ynthesis.
Cystine, with tryptophane or tyrosine, ~dded much
plasma protein producing po wer to gelatin; cystine, with
tryptopha.ne and the other amino acids, added much plasma
protein producing power to zein; cystine, with glycine,
glutamic acid, . and leucine added potency to the liver
basal diet.

Under certain conditions cystine qualified

as the key amino acid in plasma protein regeneration.
As would be expected in the normal animal, no
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substance has been found which will substitute for protein or amino acid in plas·ma protein synthesis.

A

recent

report, (46), indicat i ng some utilization of ammonia
nitrogen in body protein synthesis., should prompt an
early trial of such substances in plasma regeneration.
Foster., Schoenheimer., and Rittenberg (14} showed
that immature ra t s kept on a protein low diet., to which
was added ammonium citrate, utilized some of the ammonia
for amino acid formation.

The reaction was followed by
15
labeling the dietary ammonia with N
and determining the

isotope concentration of a number of pure amino acids
isolated from the body proteins.
In a subsequent experiment., , (46)., the rats were kept
on an ordinary stock diet., the protein of which was
casein.

Isotopic ammonium citrate was added to the diet.

After nine days the rats were killed., and the proteins
of the liver., of the walls of the intestinal tract., of
the kidneys, and of the muscles were investigated separately.

All these proteins contained significant .amounts

of isotope.
Certain alpha keto and alpha hydroxy acids corresponding in other respects to essential amino acids have
been found to substitute satisfa ctorily for such amino
acids in the synthesis of body protein (55}; presumably
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the appropriate ones could be used in plasma protein
formation.

Parenteral liver extract and iron have both

proved ineffective in stimulating regeneration in hypoproteinemic dogs (31).
The experiments designed to study plasma protein
production do · have a bearing on the many sided problem
of shock as well as clinical hypoproteinemia.

If the

body can be aided in producing new plasma protein this
proceedure may be as valuable as the administration of
plasma by vein.

Plasma protein by vein is most effective

in the correction of emergency hypoproteinemia and to
furnish protein to depleted or injured body cells.

Casein

dige sts by vein or sub-cutaneous ly h ave been shown to
be as effective as protein by mouth in building new
plasma protein, .a nd \'•hen protein cannot be ea ten the
digest may wholly replace food protein f or many weeks.
It may be that c asein digests can be used with profit
to supplement plasma injections or even to replace the
intravenous plasma when the acute emergency is passed.
That a reserve store of plasma protein building material exists was first demonstrated by Morawitz (40),
in 1906, when he found that regeneration of the blood
p lasma proteins occurred during fasting following their
acute depletion by bleedi ng.

He found that the total
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plasma protein of a dog could be reduced to about two percent and that return to a normal level occurred during
fasting, in two days in one instance and in four days or
less in another.
Kerr, Hurwitz, and Whipple (26) added further evidence of a similar type to indicate that after rapid
experimental depletion plasma protein regeneration can
occur in the fasting dog.

From such experiments it could

be calculated that the quantity of materials available
was at least sufficient to reform forty to sixty percent
of the circulating mass of plasma protein originally
present.

By a similar approach, but in a different

species, (rat), Cutting and Cutter (5) found that forty
percent of the original mass of circulating protein could
be regenerated within twelve hours after its removal.
Seven days fasting did not alter this remarkable response.
By another method, measurement of the reserve store
of plasma protein building material has been made in
many dogs (35, 45).

The normal dog was depleted of

circulating ·plasma protein by plasmapheresis while consuming a constant basal diet low but adequate in protein.
With the normal dog it was found necessary to remove
more plasma in the initial days or weeks of the regime
than in subsequent weeks in order to attain a steady
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level.

This excess quantity of plasma protein repre-

sented the reserve store.
Probably largely influenced by the preceding nutritional history the quantity of storage material available
for plasma protein production varies rather widely.
These experiments demonstrate the efficiency with
which the body handles the exchange of protein material
without loss of protein, "an ebb and flow'' between
plasma and body proteins.

We have considered in the

preceding paragraphs data bearing on the question of
a body store of materials for plasma protein synthesis.

PART III
THE INTERRELATION OF
HEMOGLOBIN AND PLASMA PROTEINS
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Simultaneous production of hemoglobin and plasma
protein had never be en studied carefully under the ~tress
of depletion in dogs until Robbins, Madden, Rowe, Turner,
and 'Whipple (52) found that certain food factors were
especially suited for high hemoglobin output and others
more eff ective for plasma protein output.

It seemed

probable that one c ould influence the ratio of hemoglobin
and plasma protein by these diet factors.

Contrary to

expectation, depleted do gs always produced more hemoglobin then plasma protein, no matter what diet proteins
were used.
The conditions of the experiments were simple.

A

normal dog was put on a daily di e t low in protein, (e.g.
100-150 gm. of liver, plus accessories, fat and carbohydrate
to supply caloric requirements).

Iron was given to make

for an active hemoglobin regeneration.

The dog was bled

daily to attain an anemia level of 6-7 gm.%.

With the low

protein intake a real hypoproteinemia was brought about
sufficient to bring about new plasma protein regeneration.
In this emergency the dog used available protein
frugally but always produced more hemoglobin than plasma
p~otein, even when the stimulus for hemoglobin and plasma
protein was presumably maximal.

Two to three times as

much hemoglobin was produced as plasma protein.
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In plasma depletion experiments alone, when the dog
gives its energies to producing new plasma protein with a
generous protein intake, the dog can produce as much or
even more plasma protein than it can form hemoglobin in
,anemia (77) (45).

The ceiling for hemoglobin production

in anemia with heavy liver feeding plus iron is about
seventy grams per week.

However, when simultaneous pro-

duction of plasma protein and hemoglobin is studied in
the same type of dog, we see preference being given to the
production of hemoglobin no matter what type of protein
is fed.
Normally the ratio of hemoglobin to plasma protein
in the dog is six to one, and in the anemic state about
t wo to one (50% ratio plasma protein to hemoglobin).

In

definite hypoproteinemia states, when stimuli are present
to drive the dog to maximum hemoglobin and plasma protein
production, the ratio remains the same.

The dog continues

to produce more hemoglobin, indicating that in this emergency the mechanism within the body is set to turn out
more hemoglobin than plasma protein.
In another series of experiments, (54), Robbins et all
established that digests of serum, hemoglobin, and casein
are well utilized to build new plasma protein and hemoglobin.

The experiments indicated that dog plasma is
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well utilized to form new hemoglobin. · It must be obvious
that the plasma contributes readily to the fabrication
of the globin, the larger part of hemoglobin.
In spite of all plasma injected, the blood plasma
protein levels rose to only 7.1%, an indication of the
speed with which the plasma proteins are utilized for
body protein needs.
of explanation.

This latter conclusion is in need

I have devoted considerable space in

attempting to do so further on in this paper.

An Eck

fistula dog showed that much new hemoglobin, (76 gm.), is
formed from the introduced plasma.

It was also shown that

serum digests were well utilized to form new hemoglobin
and plasma proteins but not so effectively as whole plasma.
Contrary to expectations, the serum digests formed more
hemoglobin than plasma proteins (3 to 1).
In the same way, it has been shown that amino acids
given by mouth or vein stimulate production of hemoglobin
and plasma protein with better effect in the manufacture
of hemoglobin than of plasma protein.

Cystine is an

important amino acid related to the production of plasma
protein.

This had been observed previously in hypo-

proteinemic non-anemic dogs (80).

Cystine and choline

alone were shown to be associated with considerable hemoglobin and plasma protein production.

When the amino
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acid growth mixture of Rose, containing threonine, valine,
leucine, isoleucin, methionine, phenylalanine, tryptophane,
arginine, histidine, and lysine are used, it gives predominance to hemoglobin over plasma protein production
(31%); but when cystine replaces methionine the ratio
changes to 50%, ·11hich means more plasma protein production related to the cystine.

The growth amino acid mixture

favors hemoglobin production more than any other material
tested.
When one asks why the body favors hemoglobin over

plasma protein production, each protein being essential
to life, the answer is pure speculation.

Perhaps the

best argument is that in the normal dog's circulation the
concentration of hemoglobin (20 gm.%) is about three times
that of plasma protein (6-6.5%); and when there is a
deficiency in both, the production flow of protein building factors favors hemoglobin because of this normal ratio.
Further, it is now assumed that much of the globin requirements for new hemoglobin comes from plasma protein.
opposite effect can be had if the need exists.

An

All of

these observations support belief that there is a dynamic
equilibrium betvreen blood proteins and tissue or organ
proteins.

Therefore, any non-toxic digests or combination

of amino acids ··hich

v✓ ill

produce plasma protein and hemo-
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globin will serve body protein needs in an emergency,
tissue injury, replacement, and repair •
Though apparently made untenable by more modern
theories concerning the formation and intermediary metabolism of proteins by way of amino acids, their so called
building stones, the hypothesis of a "circulating protein"
which could be absorbed, carried to the tissues, and
there used directly, is one which has proved attractive
to a number of investigators ever since it was enumerated
by Voit (61), (Quoted by Torbert (60)).

This pioneer

investigator drew his conclusions from the experimental
results published in 1866 (62), (Quoted by Torbert (60)),
in ~ihich he showed that the amount of nitrogen excreted
by a starving dog during the first few days of fasting
was directly dependant on the level of previous protein
ingestion.

Voit cited experiments by Landois, (63), who

found that when blood was injected, the serum proteins
were readily burned and the nitrogen excreted in the
urine, while the presumably "organized" protein of the
red blood cell was much more slowly destroyed.

/
)(),_;

.

All of this work was done before the masterly researches of Kassel, Hofeister, and Emil Fischer had elucidated
the essential nature of proteins as complexes of amino
acids, in the light of which the interpretation of Voit
•
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is by no means necessary to explain his results.

Torber

(60) tried to analyze more accurately what happens to the
plasma proteins during the period immediately following
the elimination of protein from the diet.

No satisfactory

evidence was available to support the hypothesis of a
directly utilizable protein fraction in the blood.
Beattie (4) studied the effects of plasma transfusions on hepatectomized animals and of varying protein
concentration in the perfusing fluid in perfused isolated
livers.

In addition, it was thought that by giving re-

peated plasma transfusion to normal animals, it might be
possible to determine whether the plasma protein reserves
could be filled up rapidly, and so allow the building up
of high plasma protein concentrations in the blood within
a relatively short time.
The isolated liver experiments showed clearly that
the liver can mobilize and throw into the perfusing
fluid quantities of plasma protein.

The stimulus for

this production was obviously the low plasma protein conc'e ntration of the perfusing fluid.

There is, too, in

these experiments, a correlation between the degree of
hypoproteinemia and the rate of plasma protein production.
There can be no doubt, therefore, that the liver 4oes
behave as a store for plasma protein.

It remained, however,
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to determine if it was the only store.

The results may

indicate a movement of protein into other stores, but
they are not as convincing as evidence of movement from
such stores into the blood.
The evidence from these experiments does suggest
that plasma protein leaves the blood stream in hepatectomized animals in quantities greater than might reasonably be required for normal metabolism; and conversely,
these animals seem to possess some source of plasma
protein other than the liver.

The site of the protein

stores cannot be pinned down exclusively to the liver.
~,V hether all body cells can contribute protein to the blood
stream with the facility with which they can withdraw it
has yet to be decided.
And just how is the plasma protein stored?

For

plasma proteins to be stored or utilized 1~ the liver,
muscles, or body tissues, it must be stored as such or
slightly catabolized fractions, (large aggregates rather
than amino acids), and synthesized to cell protein.

This

mechanism may be disturbed by overloading, (injection of
too much plasma), or lack of carbohydrate and fat.
and Hawkins (23) are in accord with this thesis.

Howland
They

say that protein disappears from the blood stream and
yet no excess nitrogen or sugar is recovered in the urine.
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Either the protein is removed from the blood stream and
stored in body tissues in its original form, or else it
is only partially broken down and then rebuilt into
tissue proteins.

It is not catabolized to amino acids

since no excess of nitrogen or sugar were found.
Schoenheimer and Rittenberg (56) have added important information about intermediary metabolism which
indicates that the liver protein and plasma protein are
more active in the turnover of the heavy isotope containing amino acids.

Their experiments are in accord with

a balanced system of body protein in which plasma proteins
and liver protein are most active.
The evidence cited above indicates that protein molecules can emerge from a cell and also enter a cell readily,
a dynamic equilibrium between cell and plasma protein.
This forces us to consider how these large protein molecules pass in and out through cell surface membranes.
Surface membranes are generally believed to be a

•

mixture of lipids, proteins, and perhaps other substances.
They may be arranged as a mosaic in which the protein
and other substances are distributed.

Physiologists have

much to say about the behavior of electrolytes and small
molecules as related to surface membrane passage, but in
general maintain a discreet silence about membrane
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passage of protein molecules.
as follows.

Whipple (72) speculates

If the surface membrane of the liver cells

is a mixture of protein and lipid, these proteins must
be intimately related to other cell· proteins including
ferments.

He and his associates can see no reason why

these ferments may not be able to modify the surface
membrane so that cell proteins needed by the body can
~merge as they are formed rapidly within the cell. Incoming protein from the plasma protein pool could pass
through the surface membrane in the same fashion,
preceded by absorption on the surface.
The argument that these proteins are broken down
to amino acids to permit surface membrane p~ssage does
not stand analysis; the outgoing protein if broken down
at the surface would appear as amino acids in the blood
plasma.

If the incoming proteins were broken down to

amino acids we would expect some escape of the acids
into the blood plasma, and this reaction would be detectable in careful study of nitrogen metabolism (23).
The diagram may help to visualize reactions which
relate to much of the data reviewed above (70).
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DIAGRAM:

PhOTEIN GIVE AND TAKE
FROM '~'hi np l e ( 70).

Food through amino acids contributes to the cell
protein of the liver, muscle and body tissues.

The

liver cell and its pro t ein contributes directly to
plasma nro 1 ein and to hemoglobin.

The plasma nrotein

me:r contribute easily to body protein needs, muscle,
liver, and hemoglobin; but these other tissues can
contribute only

,,1_

-

th difficult "'T to plasma protein by

this method of exchange.
easilv to hemoglobin,

Oth e r tissues contribute

(after the reserve stores are

depleted), but hemoglobin can contribute less readily ,
if at a ll, to other body proteins.

It is probable that

the se agg r e gat es deal with intra-cellular reactions in
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the main.

Whether we think of protein exchange in the

body, or of protein reserve stores, or of protein fabrication, we may well give first place to the liver as
the agent, bank, or factory.
Whipple and his co-workers, in a series of brilliant
investigations covering a period of many years, have shown
conclusively that the proteins in the cells consist of a
part which is necessary for the life and efficient functioning of the cell and a part which can leave the cell without
affecting the cell's activity.

1Alhen, for any reason,

the concentration of the proteins in the plasma is reduced,
for example after hemorrhage, protein leaves the body cells
and enters the blood stream.

If the amount of protein

available is adequate, the plasma protein concentration
may be restored to its normal value.

If the protein

available is small, the concentration may reach equilibrium
at a value below normal.

In this event, restoration to

the normal value is affected slowly by a synthesis of new
protein by the liver from the products of digestion of
proteins in the food.
Beattie, (3), after a study of the effects of
hemorrhage in experimental animals, came to the conclusion
that movement of protein in the blood stream must take place
in substantial amounts within a short time after hemorrhage.
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In a further paper, (4), it was shown that after controlled
hemorrhages, the rate of addition of plasma prot~ins to
the blood is not parallel to the rate at which fluid
enters the blood in order to restore the blood volume to
normal and does not depend on the amount of blood withdrawn.
Beattie regarded these observations as indicating differences in the amount of protein available in the body cells
which could be transferred to the blood stream as plasma
protein.

It was fortunate that a short time previously,

Sharpey-Schaefer and Wallace (64) had made a series of
observations on the effects of hemorrhage on human subjects
which demonstrated that ·exactly similar changes took place
in man after, hemorrhage.

In one subject it was found

that an average of 13 grams of plasma protein could enter
the blood every hour, over a period of four hours.

This

is probably about the maximum replacement rate, and the
general rate is much less.

However, it is possible, that

in the first hour after hemorrhage the rate may be even
greater.
A study of data collected by Sharpey-Schaefer and
Wallace ( 64) sho•red that transfusions of plasma or serum
in man could be followed by a rapid removal of fluids
from the blood stream, as indicated by a maintainance of
the hemoglobin concentration at its pre-hemorrhage level.
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At the same time there was a parallel removal of
protein from the blood, the rate of removal was of the
order of four to eight grams per minute.

As

at the same

time there was no indication of a rise in the ra t e of
protein breakdown, it may be presumed that the protein
leaving the blood entered the protein "stores 11

•

Beattie

and Collard show that repeated trans fusions of plasma
into animals were followed, after considerable quantities
had been transfused, by a permanant rise in plasma
protein concentration.

These findings they interpret

as indicating that the cells of the protein stores could
hold no more prote i ns .

The amount of protein which can

be removed from the blood in man and animals after plasma
transfusions is so great, that it seems unlikely that the
liver alone can be the only storehouse.

In the same paper,

the authors show that hepatectomized animals can store
protein and mobilize protein into the blood stream.
Consequently the mechanism of protein storage may involve
the body cells generally.

CONCLUSION
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The ebb or flow of protein between the cells and
the plasm~ under different conditions emphasizes Whipple's
concept that the body proteins are in a state of dynamic
equiiibrium, the level of which is determined essentially
by the state of protein stores.
These observations are of great practical importance.
They demonstrate clearly that the reinforcement of the
body's protein reserves may be as important a use for
plasma transfusions as their employment to increase blood
volume after hemorrhage.

The making good of protein

losses cau_sed by tissue damage, exudate production, and
the formation of antibodies can be effected rapidly

from

the reserve proteins in the cells, and only much less
rapidly by the formation of new protein from the foods.
Once inside the cell, the reserve proteins can be used
not only to raise plasma protein concentration but also
to assist in hemoglobin formation and to provide protein needed to replace normal tissue wastage.
The results of experiments revie wed in this paper
may be far reaching.

The immediate objective of these

experiments has been to find the best possible substitute
for plasma or whole blood as used in the clinic to combat
shock, post-operative difficulties, and lack of absorption from the gastro-intestinal tract.
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The long term objective is a better understanding
of the utilization and replacement of the blood proteins
a~d their interrelation with other body proteins.

The

complete ans wer means much in the therapy of the above
clinical conditions.
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